Genetic interactions regulating intermediate stages of tubulogenesis in the developing kidney have been difficult to define. A systems biology strategy using microarray was combined with in vitro/ex vivo and genetic approaches to identify pathways regulating specific stages of tubulogenesis. Analysis of the progression of the metanephric mesenchyme (MM) through four stages of tubule induction and differentiation (i.e., epithelialization, tubular organization and elongation and early differentiation) revealed signaling pathways potentially involved at each stage and suggested key roles for a number of signaling molecules. A screen of the signaling pathways on in vitro/ex vivo nephron formation implicated a unique regulatory role for protein kinase A (PKA), through PKA-2, in a specific post-epithelialization morphogenetic step (conversion of the renal vesicle to the S-shaped body). Microarray analysis not only confirmed this stage-specificity, but also highlighted the upregulation of Wnt genes. Addition of PKA agonists to LIF-induced nephrons (previously shown to be a Wnt/ beta-catenin dependent pathway) disrupted normal tubulogenesis in a manner similar to PKA-agonist treated MM/spinal-cord assays, suggesting that PKA regulates a Wnt-dependent tubulogenesis step. PKA induction of canonical Wnt signaling during tubulogenesis was confirmed genetically using MM from Batgal-reporter mice. Addition of a Wnt synthesis inhibitor to activated PKA cultures rescued tubulogenesis. By re-analysis of existing microarray data from the FGF8, Lim1 and Wnt4 knockouts, which arrest in early tubulogenesis, a network of genes involving PKA, Wnt, Lhx1, FGF8, and hyaluronic acid signaling regulating the transition of nascent epithelial cells to tubular epithelium was derived, helping to reconcile in vivo and in vitro/ex vivo data.
Introduction
The two tissues from which the more than 20 different cell types of the metanephric kidney are derived are the ureteric bud (UB) and the metanephric mesenchyme (MM) (Saxen, 1987) . At the onset of metanephric kidney development, the UB emerges as an epithelial offshoot of the Wolffian duct (the main collecting duct of the mesonephric kidney) and invades a cluster of mesenchymal cells, the MM, where it initiates a series of reciprocal signaling events between the two progenitor tissues. The ultimate results of these mutually inductive interactions are development of the renal collecting system (from dichotomous branching morphogenesis and differentiation of the UB) and the development of epithelial nephrons (from epithelialization, tubulogenesis and differentiation of the MM).
Upon reception of the inductive stimulus from the UB, the MM undergoes mesenchymal to epithelial transformation (MET), followed by tubular morphogenesis. The nascent nephron epithelium progresses through histologically well-defined stages: renal vesicle, comma-shaped body, S-shaped body, elongation, and finally segment differentiation. This stereotypical process leads to a specific architectural and functional arrangement of segmented nephrons within the kidney. Molecular markers for the morphological stages of nephrogenesis have been identified, including Brn1, Notch2 and Irx3, which delineate subpopulations of the early nephron for ultimate segmentation (Cheng et al., 2007; Nakai et al., 2003; Reggiani et al., 2007) . However, the underlying genetic and inter/intracellular signaling mechanisms responsible for driving the morphological changes during nephron formation remain to be fully elucidated (Horster et al., 1999; Schmidt-Ott et al., 2006) .
Although gene mutation and deletion studies have proven valuable in the identification of genes critical to a number of morphogenetic steps in kidney development, only a few genes or pathways have been identified which specifically perturb intermediate steps in tubulogenesis during nephron formation after mesenchymal to epithelial transformation. For example, deletion of Wnt4 results in failure of the MM to undergo the initial stages of epithelial transformation, resulting in failure of nephrogenesis, and ultimately in the degeneration of the Developmental Biology 364 (2012) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] developing organ (Stark et al., 1994) . In contrast, mutation of cadherin-6 also affects the developing epithelial structures of the nephron, but in this case, epithelial transformation of the MM is inefficient and many nascent tubules do not fuse to the UB, resulting in reduced nephron number in viable adults (Mah et al., 2000) . Other mutations apparently affect later steps in nephron formation and/or segment differentiation. For example, PKD1 mutant animals that express reduced quantities of Polycystin-1 display a renal cyst phenotype, but only after formation of the renal tubules (Lantinga-van Leeuwen et al., 2004) . Deletion of the transcription factor HNF1 leads to defects in terminal differentiation of the proximal tubule (Pontoglio et al., 1996) . Thus, these well-known examples either affect very early or very late steps in nephron formation but not tubulogenesis specifically.
In contrast, the Lim1 (Lhx1) null mutant animal (Shawlot and Behringer, 1995) does not develop kidneys, and MM-specific conditional knockouts later revealed development of the nephron to the renal vesicle but not beyond (Kobayashi et al., 2005; Potter et al., 2007) . This, along with the FGF8 knockout, is one of the few examples of an intermediate phenotypewhere the nephron develops to a certain morphological stage (e.g., renal vesicle) and then ceases to progress further along the typical developmental path (Perantoni et al., 2005) . Thus, much remains to be elucidated about the genes and/or gene networks involved in the intermediate stages of tubulogenesis during development of the epithelial nephron.
Detailed transcriptomic profiling of the developing kidney, in vivo as well as in vitro, has been performed by a number of laboratories (Challen et al., 2005; Stuart et al., 2001) . First rat, then mouse, timecourse analyses delineated gene expression dynamics from the earliest nascent organ through adulthood. Along with these whole organ data sets, in vitro tubulogenesis models directly bearing on kidney development (MM induced tubulogenesis by co-culture with spinal cord or treatment with Leukemia Inhibitory Factor, LIF) have been examined by global gene expression time course microarray (Schmidt-Ott et al., 2007a; Stuart et al., 2003) . The results of these early in silico analyses suggested significantly regulated genes, sometimes including examination of a specific gene or highly represented pathway. More recently, a consortium has published the Genitourinary Database Molecular Anatomy Project (GUDMAP) database which serves as a repository of large scale data, including microarrays on micro-anatomic renal subcomponent structures (i.e. comma and S-shaped bodies) of the developing kidney isolated during development (Brunskill et al., 2008; McMahon et al., 2008) . Computational analysis of detailed time series global microarray data have identified stages of kidney development not obvious morphologically (Tsigelny et al., 2008) .
Despite the wealth of information garnered from such wide-scale differential expression studies, it is now becoming clear that such experiments contain much more information than simply patterns of gene expression. Thus, in order to move past exhaustive lists of differentially expressed genes and to better understand the roles of genes in the development of a complex anatomical and physiologically critical structure, such as the nephron, it is clear that genes need to be studied in the context of interacting networks in which they exert their effects, followed by testing of network predictions.
Metanephric mesenchyme (MM) is largely un-induced when it is micro-dissected and isolated from the e13 embryonic rat kidney and when cultured it will undergo apoptosis and involution if additional morphogenetic stimuli are not provided (Barasch et al., 1999; Koseki, 1993; Koseki et al., 1992) . However, in the presence of UB, a heterologous inductive tissue (i.e., spinal cord) (Grobstein, 1953 (Grobstein, , 1956 , cultured isolated UB (Qiao et al., 1999; Rosines et al., 2007a; Shah et al., 2009) , cell conditioned media (Barasch et al., 1999) , or exogenously added growth factors (notably LIF in combination with FGF2 and TGFβ) (Barasch et al., 1999; Plisov et al., 2001) , the isolated MM can be induced to undergo mesenchymal-to-epithelial transition (MET) and form early tubular structures reminiscent of the developing nephron. In addition, inhibitors of glycogen synthase kinase-3 (GSK3) are also capable of inducing the formation of pre-tubular aggregates (Davies and Garrod, 1995; Kuure et al., 2007; Oxburgh and Robertson, 2002) which only formed epithelial tubules if the inhibitors were removed before 2 days of exposure (Kuure et al., 2007) . All these in vitro systems permit visualization and analysis of epithelialization, tubulogenesis and differentiation of the MM in isolation. Importantly, most studies to date have focused on the epithelialization rather than tubulogenesis (as we do here).
Results
Here a systems level analysis on the early stages of renal tubulogenesis has been performed. The approach utilized multiple gene expression datasets that individually examined nephron formation in different model systems. The resulting networks provide the information for molecular controls over multiple stages of nephron formation. Here the focus is on the formation of the early epithelial tubule from the pre-tubular aggregate of induced MM to the early tubule.
Morphologic and biochemical examination of ex vivo metanephric tubulogenesis supports four distinct stages of tubule development
Metanephric mesenchyme (MM) isolated from the kidney rudiments of e13 rat embryos was co-cultured with embryonic spinal cord (5 MMs per spinal cord, also from e13 rat embryos), and cultured for up to a week. The developing tubules were examined by staining for markers of development and differentiation. Four stages of nephron formation and renal tubulogenesis were defined: un-induced MM (Fig. 1A) , induced non-epithelial MM (Fig. 1B) , early epithelial structures (Fig. 1C ), and differentiating tubules ( Fig. 1D ). Previous analysis of the culture model has indicated that a 24 hour period of MM co-culture with spinal cord is sufficient to complete maximal induction (Saxen, 1987) . MM (freshly isolated in Fig. 1A ) expresses Pax2 in cells that have received a signal to undergo nephrogenesis (Fig. 1B) . The epithelium that results organized into an epithelium which undergoes tubular morphogenesis, developing into S-shaped bodies by 3 days (Fig. 1C ). At 5 days of culture, long tubules are readily visible which have clusters of peanut-lectin (PNA) positive cells at their ends ( Fig. 1D ), indicative of glomerular podocyte differentiation (Holthofer and Virtanen, 1987) .
A systems biology analysis of renal tubulogenesis predicts pathways essential to tubule development As described above ( Fig. 1A-D ), biochemical analysis of spinal cord-induced MM tubulogenesis revealed four stages of nephron development. However, regulation of the transitions between the stages of renal tubule development remains to be defined. To address this, microarray time course data from previously published spinal cordand LIF-induced MM experiments were analyzed in an attempt to identify temporally regulated molecular interactions from the dynamically expressed genes in related data sets (Schmidt-Ott et al., 2007b; Stuart et al., 2003) . The microarray experiments were analyzed for significant change by traditional ANOVA using Agilent's Genespring GX software, as well as by the use of the Extraction of Differential Gene Expression (EDGE) software package (Leek et al., 2006) . EDGE was designed to identify genes (microarray probes) which change over a time course, and can identify temporal regulation even if there is no significant change from condition-to-condition (Schmidt-Ott et al., 2007a) . These two methods yielded partially overlapping "significant gene" lists. Analysis of the MM-spinal cord co-culture microarray data set yielded 1171 significantly changing microarray probes. The analysis of the LIF-induced MM data set yielded 1554 probes. Each of the methods produced gene lists with informative temporal profiles (clusters of genes with peak expression at different points in culture). Thus, all four of the gene lists (Genespring and EDGE, from spinal cord and LIF models) were combined. The list was reduced by filtering on the gene ontology term "development".
Small molecule screen of signaling pathways potentially regulating tubulogenesis
Given the fact that the emphasis of the computational studies was on identifying putative genetic networks regulating stage transitions during tubulogenesis, it was hypothesized that perturbations of signaling pathways that affect tubule morphogenesis would indicate molecular regulators of the stage transitions. A list of transcriptionally regulated kinases, derived from the ex vivo tubulogenesis microarray data sets, was used as the basis of signaling pathways to test in the screen.
The MM-spinal cord assay on trans-well filters is not amenable to a high throughput small molecule screen; it is amenable to a lowmedium throughput screen (tens of conditions with replicates) of small molecules targeting many of the signaling pathways identified computationally, as described above. Thus, a screen was performed by modulating the function of the principal kinase of each pathway in the spinal cord-induced tubulogenesis model (each with N=2 to 3, requiring 5 MM tissues per experiment). In the screen, 6 compounds were found to have a stimulatory or inhibitory effect on tubule morphogenesis in in vitro MM-spinal cord co-culture assays of nephron formation ( Fig. 2 and Table 1 ). Control cultures ( Fig. 2A ) develop many long tubules. Several common pathways, exemplified by PI3K inhibition (Fig. 2B ), do not affect tubulogenesis. While the screen identified several interesting morphogenetic lesions, none was as striking as activation of PKA with dibutyryl-cAMP ( Fig. 2C) , which appeared to arrest tubular morphogenesis at a relatively specific point soon after mesenchyme to epithelium transition, likely between the renal vesicle stage and formation of the nascent tubule. The renal vesicle expanded into a disorganized epithelium. Since PKA activation resulted in a "stage-specific" lesion, we focused on this pathway.
Perturbation of PKA signaling by multiple well-characterized pathway modulators indicates an essential role for PKA-2 in renal tubule morphogenesis
To clarify the mechanism of the PKA induced tubulogenesis defect, the PKA signaling pathway was analyzed using molecules targeted to multiple molecules of the signaling cascade (Figs. 3, 4, and 5) . Stimulation of cAMP production by addition of the adenylate cyclase activator, forskolin, to the culture media caused a similar, yet less extreme, disruption of tubulogenesis to that observed by the addition of the cAMP analog dibutyryl-cAMP. Tubulogenesis appeared to accelerate when PKA activity was reduced upon treatment with the Walsh PKA inhibitory peptide, 14-22 (Glass et al., 1989) .
We sought to identify whether the key isoform was PKA-1 or PKA-2. Analysis of the PKA-1 and PKA-2 isoforms was done by using cell permeable cAMP analog combinations which preferentially activate one isoform (Schwede et al., 2000) . As shown in Fig. 3 , activation of PKA-1 with 8-PIP-cAMP and 8-HA-cAMPS did not affect tubulogenesis, while activation of PKA-2 with 6-MBC-cAMP and Sp-5,6-DCl-cBIMPS caused a robust inhibition of epithelial morphogenesis similar to the effect of dibutyryl-cAMP (shown in Fig. 2C ). Analysis of ZO-1 expression in z-stack confocal images of these cultures ( Fig. 3D -F) shows that there are long continuous domains of ZO-1 expression (each continuous domain is identified by a different color), indicating a tubule with a continuous lumen in control conditions and under PKA-1 activation. However, in cultures with activated PKA-2, the ZO-1 expression is restricted to many discrete clumps and to large sheets, which cannot be discerned as tubules. Modulation of intracellular cAMP leading to disrupted tubulogenesis was not due to the exchange protein activated by cAMP (Epac) because when Epac was stimulated using the cAMP analog 8-CPT-2′-O-Me-cAMP, it did not disrupt tubulogenesis (not shown). Addition of a pan-A kinase anchor protein (AKAP) inhibitor (St-Ht31) delayed epithelial tubule morphogenesis ( Fig. 4 ). Disruption of AKAP-PKA interaction caused a delay in otherwise normal development. While the S-shaped body is apparent at 72 h in control cultures ( Fig. 4A ), samples treated with AKAP inhibitor require 72 h to form renal vesicles ( Fig. 4B ). While it is impossible to know which AKAP is being affected by the pan-AKAP inhibitor, the results strongly suggest that the intracellular spatial localization of PKA-mediated signaling is important for tubulogenesis.
Protein kinase A signaling disrupts early tubulogenesis but not epithelialization
Protein kinase A (PKA) signaling is known to affect epithelial tubulogenesis in cultured cells. For example, in a three dimensional MDCK cell culture tubulogenesis model the addition of the cAMP analog dibutyryl-cAMP prevented the morphogenesis of epithelial cell aggregates into multi-cellular tubule-like structures and formed cysts (Santos et al., 1993) . Moreover, pathway analysis, while not statistically rigorous, suggests that PKA is an essential signaling pathway of early micro-anatomic structures including the metanephric mesenchyme, cap mesenchyme and renal vesicle, but not in the S-shaped body (Supplementary Table 1 ). This suggests that PKA could be a key regulator of the transition from a pre-tubular epithelial structure to the nascent tubule. In support of this notion, activation of PKA did not block the mesenchymal to epithelial transition (MET) in spinal cord-induced MM, but once epithelialization occurs the formation of S-shaped bodies and long tubules is inhibited (Fig. 6 ). Activation of PKA using PKA-2 specific cAMP analogs prevented morphogenesis of the nascent epithelium into the characteristic tubules ( Fig. 6A, B ). The epithelial markers E-cadherin and ZO-1 are both expressed in activated PKA cultures, however while ZO-1 appears to localize to rings (potentially demarcating apical borders of the cells), the E-cadherin is localized diffusely throughout the cell (Fig. 6B ). Additionally, in some cultures sustained PKA activity caused the formation of laminar dilations (Fig. 6C, D) instead of an elongated tube. At high magnification a single layer of epithelial cells can be seen to line the dilation caused by sustained PKA activity (data not shown).
Microarray analysis of developing nephrons arrested by PKA-mediated inhibition of tubulogenesis implicates a link to Wnt/beta-catenin signaling
To examine the potential factors involved in the perturbation of tubule morphogenesis following activation of PKA, cDNA microarray data was collected. Cultures of spinal cord-induced MM treated with PKA-2 specific cAMP analogs or vehicle were collected at 3 days of culture. At that time S-shaped bodies had formed in controls, and the PKA-2 agonist treated samples were held to expanding clusters of disorganized epithelium (as described above).
Gene signatures serving as genetic markers of specific structures of the developing nephron (MM, cap mesenchyme, renal vesicle and Table 1 Screen of signaling molecules identified in pathway analysis of in vivo and in vitro renal tubule development. (A) Screens of perturbation experiments using 10 different pathway inhibitors and activators were performed in spinal cord-induced MM cultures. All molecules were added to the culture media at the onset of culture. Of the pathways tested, 6 affected the rate or quality of tubulogenesis while 4 did not. Protein kinase A activation had a strong stage-specific lesion on renal tubulogenesis in which epithelialization occurred but tubulogenesis was perturbed.
Pathway
Molecule S-shaped body) were utilized (PT specific genes shown in Fig. 7B ) (Brunskill et al., 2008) . These genetic markers give in vivo perspective to the ex vivo culture models. Consistent with the morphological, biochemical and functional data already presented, we found that the pattern of gene expression in samples treated with PKA agonist more closely resembled the pattern seen for early nephrogenesis, while control cultures strongly expressed genes common to the in vivo genetic markers indicative of later stages of nephrogenesis ( Fig. 7A ). For example, activated PKA samples expressed 3.3-fold higher FGF8 than control cultures. FGF8 expression is required at early nephron induction, and null mutant FGF8 animals make renal vesicles, but not renal tubules (Perantoni et al., 2005) . Cited1, a marker of the cap mesenchyme which is lost after induction of MET, was also upregulated 2.7-fold. Conversely, expression of the podocyte marker podocalyxin is down 3.8-fold, further indicating a lesion in early nephrogenesis. Expression of Has2, the synthetic enzyme which produces hyaluronan, is up 7.9 fold in the activated PKA-2 sample. Hyaluronan has been shown to affect renal tubule growth and differentiation (Rosines et al., 2007b) . The top 1000 highest expressed genes were compared to the in vivo gene signatures of nephron precursor subcomponents from late (S-shaped body and renal corpuscle, and proximal tubule) nephron development that were used in pathway analysis (Fig. 7A ). The activated PKA cultures maintained high expression of a greater proportion of early (cap mesenchyme and renal vesicle) genes (data not shown), while control samples are beginning to express many genes associated with the differentiating nephron. Pathway analysis was performed on a gene network made from genes highly expressed in either of the control or activated PKA-2 samples (passing t-test with FDR set to 0.05 and a 5-fold change). Visualization of highly represented pathways identified Wnt/β-catenin signaling in the PKA activated samples (Fig. 7C ). The nodes identified as Wnt/β-catenin signaling are red (highly expressed in the activated PKA-2 condition). DKK2 (Dickkopf 2, a competitive inhibitor of Wnt for access to Frizzled) is more strongly expressed in the control condition, but does not pass the stringent fold change filtering. This indicates a misregulation of Wnt signaling leading to sustained activation of the canonical Wnt pathway. Full lists of the overlapping in vivo gene signatures with the in vitro experiments (Fig. 7A, C) can be found in Supplementary Tables 2 and 3 .
Wnt signaling during tubulogenesis and nephron formation depends on regulation of PKA Microarray analysis has been reported previously on a model of nephrogenesis in which isolated MM is induced in a "minimal" system by leukemia-inhibitor factor (LIF) (Schmidt-Ott et al., 2007b) . This study found that the early renal tubule expresses genes which contain promoter sequences for the TCF/LEF transcriptional complex downstream of canonical Wnt signaling (Schmidt-Ott et al., 2007a) . A re-analysis of the microarray data from that study was performed using the samples indicated as representative of pre-(days 3, 4, and 5) and post-Wnt/TCF expression (day 7). Pathway analysis of the genes passing a t-test with FDR set to 0.05 and a 2-fold filter showed high representation of PKA-related genes (data not shown). To examine the transition from induced cells to epithelial tubules in this "minimal" isolated MM system already known to be regulated by canonical Wnt, PKA pathway signaling modulators were added to LIF-induced MM cultures.
Addition of PKA pathway modulators to LIF-induced MM cultures gave results similar to those for the spinal cord-induced system, except that PKA agonists completely abolished epithelial morphogenesis. Inhibition of PKA directly yielded increased tubulogenesis compared to LIF alone (Table 2) . These experiments suggest that down regulation of PKA signaling is required for Wnt mediated epithelial tubulogenesis in both the minimal LIF-induced MM system and the spinal cord-induced system.
PKA regulates canonical Wnt signaling in a transgenic reporter system
To validate the PKA induced Wnt signaling observed in the pathway analysis, BAT-gal mouse embryos carrying a β-galactosidase transgene activated by nuclear β-catenin (canonical Wnt signaling) were dissected at E11.5 and the MM was isolated and cultured with age-matched spinal cords in the same manner as the previous experiments (Maretto et al., 2003) . Canonical Wnt signaling was observed at 3 days of culture did not inhibit tubulogenesis while activation of PKA-2 (6-MBC-cAMP and Sp-5,6-DCl-cBIMPS) prevented tubule formation. Inhibition of PKA with the Walsh PKA inhibitory peptide, 14-22 stimulated tubulogenesis. (B) Cartoon demonstrating the PKA pathway and the effects of modulation of specific parts on tubulogenesis demonstrates activation of the PKA pathway at different levels preventing tubulogenesis. Red indicates that activation of PKA disrupted tubulogenesis. Green indicates that the treatment did not disrupt tubulogenesis. The bar denoting the function of the AKAP inhibitor is black to reflect the importance of spatially localized PKA activity on the speed of tubule morphogenesis. (Fig. 8A, B) and by X-gal staining was higher in the PKA-2 activated samples than in control, demonstrating sustained canonical Wnt signaling in the PKA agonist samples. At 3 days, canonical Wnt signaling is largely absent in controls.
Rescue of PKA mediated inhibition of renal vesicle tubulogenesis by Wnt synthesis inhibitor
In order to mechanistically link PKA signaling through Wnt to the defect in tubule formation, we then decided to inhibit Wnt signaling in the context of sustained PKA activation. The Wnt synthesis inhibitor, IWP-2, was added to spinal cord-induced MM cultures at 2 days, once renal vesicles (Wnt dependent) have formed. Addition of IWP-2 to the PKA-2 activated cultures resulted in partial rescue of tubulogenesis ( Fig. 9A, C) . Tubules were observed extending from the peripheries of the characteristic epithelial cell clusters formed in spinal cord-induced MM under sustained PKA activation.
Regulation of renal tubule morphogenesis converges on a network of genes including PKA, Wnts, and extracellular matrix
The defect observed upon treatment of mesenchyme cultures with PKA agonists is reminiscent of two previously reported genetic lesions. Deletion of FGF8 and LHX1 from the metanephric mesenchyme results in a failure of the epithelial renal vesicle to advance morphologically to the S-shaped body. Both of these mutants have been analyzed by microarray (Perantoni et al., 2005; Potter et al., 2007) . Additionally, the Wnt4 null mutant does not produce nephrons after MM induction, again resulting in a cessation of nephrogenesis in an early stage but after induction by the UB. Fig. 10A diagrams relationships between the mutant phenotypes and the current results. To try to identify a common mechanism, the primary microarray data from the Lim1 and Wnt 4 reports, as well as the available published data for the FGF8 null mutant, were re-analyzed in light of the current microarray analysis. This resulted in a network of genes centered on known markers or renal tubule development, and highlighting the importance of Wnt, PKA and the extracellular matrix (ECM) molecule hyaluronan in renal tubule development. There was consistent misregulation of PKA; Wnt signaling and hyaluronic acid production in the null mutants, reminiscent of the changes seen in the PKA-treated samples. The combined mutant/PKA microarray analyses were abstracted into a hand drawn network to specifically highlight the observation that an increase in PKA activity resulted in increased Wnt expression and canonical signaling, along with misregulation of ECM production (Fig. 10B ).
Discussion
To date it has been difficult to define the genes and pathways regulating specific intermediate steps in kidney tubulogenesis. Here, the wealth of existing in vivo and in vitro information, including considerable previously published microarray data and new data generated in this study, was leveraged to identify genetic and cellular signaling networks that could be the key in understanding intermediate stages of nephron formation from the metanephric mesenchyme.
Computational, morphological, biochemical and functional approaches identify four stages of tubulogenesis and nephron formation
The four stages (un-induced MM, induced non-epithelial MM, early tubules, and differentiating tubules) generally correspond to more traditionally defined morphological separations, supported by multiple types of analysis. Thus, they were identifiable by microarray and by examination of morphological and molecular markers. For instance, PNA staining of 5 day-induced tissue showed clear differentiation of the cultured MM (Fig. 1D ). Electron micrographs (Fig. 6C ) demonstrated tubule formation with a lumen comprised of a single layer of epithelial cells. These stages provide a backdrop against which comparisons can be made while interpreting the results of perturbation experiments, as was done to analyze PKA pathway regulation of the transition from induced MM to an epithelial tubule during nephron formation.
Data from independent microarray studies (spinal cord and LIFinduced MM) was combined after primary analysis to avoid the pitfalls of examining large scale data from different sources, as well as the problems associated with comparisons across platforms. The data sets were analyzed for regulated genes in isolation, but the resultant gene lists were pooled to enhance later pathway analysis.
The combined data temporal network stage modeling strategy, although not without assumptions, allows the results of each in vitro tubulogenesis experiment to fill in gaps from the others. The nephron induction methods and microarray platforms are different, and as a result, the total number and representation of temporally dynamic genes is different. The addition of the LIF-induced genes to those from the spinal cord-induced MM experiment added nodes to the networks which enhanced the ability of informatics software to identify highly represented pathways.
A screen of signaling pathway modulators identified pathways that regulate tubulogenesis during nephron formation
The screen of signaling pathway modulators was based on the observation of temporally regulated kinases from significance testing, or by the implication of signaling pathways in the regulation of differentially expressed genes in pathway analysis. Perturbation of some of these signaling pathways in the spinal cord-induced MM tubulogenesis model yielded lesions during most of the stages of nephron formation. It seems remarkable that perturbation of certain pathways already known to regulate key signaling events in a wide variety of cultured and other cell types had no stage-specific effects on nephron formation -PKA regulation being the notable exception of a stage-specific lesion in the middle of tubulogenesis.
While nearly half of the pathways tested had an observable effect on tubular morphogenesis in culture, it is also very interesting that, at the level of phase contrast microscopy used as the initial readout for the screen, many known to regulate essential cellular processes had little or no effect, including AKT, JNK, and PI3K signaling pathways (Table 1) . Taken together, the data support the view that the system is quite robustwhich may explain why so few intermediate phenotypes have been found in knockout studiesalthough significant stage-specific regulatory signaling does appear to exist. The results of this data, combined with detailed analysis of the individual results could significantly enhance the interpretation of the molecular signaling networks involved in MM morphogenesis and nephron formation.
PKA regulates conversion of the renal vesicle to the S-shaped body
Using a set of specific agents to stimulate and inhibit various limbs of its signaling pathway, PKA signaling was repeatedly implicated in the regulation of an intermediate stage in tubulogenesis during nephron formation. Addition of the PKA agonist dibutyryl-cAMP, or a combination of cAMP analogs specific to the type II regulatory subunit of PKA (e.g. 6-MBC-cAMP and Sp-5,6-DCl-cBIMPS), provides one of the most dramatic and stage-specific lesions produced by the screen (Figs. 2 and 3) . The cultures in which PKA was misregulated proceed through epithelialization and form renal vesicles, but generally fail to form tubules.
PKA activation is also known to block epithelial cell tubulogenesis induced by growth factors in 3-dimensional culture (Santos et al., 1993) . In the MM-spinal cord co-culture, large sheets of cells, outlined with the tight junction protein ZO-1 could be identified at the end of the culture period. Epithelialization with intercellular junction formation occurred, but the formation of tubules was blocked. Thus, the lesion created by PKA dysregulation appears quite specific: MET and full epithelialization occurs. Treatment of cultures with a pan-A Kinase Anchoring Protein inhibitor did not prevent tubulogenesis, but it did increase the time taken to achieve the tubular organization found in controls (Fig. 4) . This result suggests that not only is PKA signaling critical, but it also must be tightly controlled spatially and temporally for normal nephron morphogenesis to occur. Interestingly, PKA signaling has been implicated in ciliary function, and in instances where ciliary function is impaired, tubular dilation occurs. PKA activation inhibits tubulogenesis and promotes cyst formation in cultured cells (Santos et al., 1993) . Polycystic kidney disease models, in which there is tubular dilation, have been experimentally treated by reducing cAMP (Torres, 2004) . In our studies, although there were few if any tubules, there were epithelial dilations in late activated PKA cultures (Fig. 6C, D) . Nevertheless, we did not detect a ciliary lesion by immunofluorescent staining. Moreover, genes known to be involved in ciliogenesis and planar cell polarity were also examined in the microarray data, and found not to meet the criteria of two-fold change between activated PKA and control samples (data not shown).
The stage of tubulogenesis regulated by PKA is due to PKA dependent Wnt signaling Wnt signaling is involved in several aspects of renal tubule development and maintenance (Karner et al., 2009; Lancaster et al., 2009; Stark et al., 1994) . It is interesting to note that the MM specific genetic ablation of Lim1 causes failure of morphogenesis at the renal vesicle stage (Potter et al., 2007) . In that report microarray analysis of renal vesicles from wild-type and MM-deficient Lim1 mutant animals revealed that DKK1 was down-regulated in the mutant renal vesicle. Similarly, FGF8 null mutant kidneys make only renal vesicles, which do not express Lim1 (Perantoni et al., 2005) . Down regulation of Dickkopf proteins potentially leads to sustained Wnt signaling concomitant with failure of morphogenesis. There was, interestingly, also a significant down regulation of Crem (14 fold) in the Lim1 knockout, presumably reflecting misregulated PKA signaling. Our new microarray data specifically links PKA activity to Wnt gene expression and disruption of tubulogenesis. The hyaluronic acid (HA) gene Has2 increased expression in the activated PKA cultures as well as in the Lim1 null. Expression of Has2 has been shown to be regulated by PKA signaling (Yokoyama et al., 2006) . Expression of the HA receptor CD44 is modulated by Egr1, which is downregulated in the FGF8 mutant metanephric mesenchyme (Fitzgerald and O'Neill, 1999; Perantoni et al., 2005) . Analysis of in vivo signature genes revealed a block at the renal vesicle to nascent tubule stage with expected reduced expression of "classic" marker genes, such as Cited1, Brn1, FGF8 and podocalyxin. Recently, a number of genes regulated by Wnt signaling in LIF-induced MM were identified (Schmidt-Ott et al., 2007a) , after a transition which we have subsequently shown to also be regulated by PKA (Table 2) .
Sustained PKA and canonical Wnt activity prevented tubule formation in the spinal cord-induced MM tubulogenesis assay. PKA-induced Wnt activity was observed in the microarray analysis and subsequently confirmed genetically by canonical Wnt-responsive indicator expression in cultured MM isolated from BAT-gal mice (Figs. 7 and 8) . This finding in the microarray data suggests that the link between PKA and Wnt signaling goes beyond an inactivation of GSK3β by PKA, and that PKA signaling in early nephrogenesis is involved in the expression of Wnts. The increased canonical Wnt signaling may prevent tubulogenesis by instituting a program of transcription resulting in epithelial-to-mesenchymal transition as seen in cancers (Vincan and Barker, 2008) .
Reduction of canonical Wnt signaling is necessary for formation of patterned epithelial tubules from an aggregate of epithelium (Kuure et al., 2007; Park et al., 2007) . Non-canonical Wnt expression is associated with planar cell polarity and convergent extension, which controls renal tubule elongation, indicating a shift away from canonical Wnt signaling during tubule morphogenesis. PKA-2 activity during renal tubule development led to an increase in Wnt expression and canonical signaling and was not permissive of tubulogenesis. Furthermore, inhibition of PKA-induced Wnt synthesis rescued tubulogenesis (Fig. 9 ). This result points towards close links between PKA and Wnt signaling in regulation of epithelial cell organization required for tubule formation. The PKA, Wnt axis is likely part of a larger network of interactions required at the onset of tubular morphogenesis, including regulation of signaling interactions from the ECM through HA, which has morphogenetic capacity and is repeatedly implicated in microarray analysis of mutations with lesions at the same morphologic stage of nephron development in the current microarray analysis (Fig. 10 ) and in whole kidney cultures (Rosines et al., 2007b) .
To summarize, utilization of multiple types of bioinformatic and genetic analyses on diverse data sets has yielded a novel framework for understanding nephron formation from the MM, including epithelialization and tubulogenesis. The integration of multiple in vitro/ex vivo and in vivo data sets into a single analysis allowed the utilization of the strengths of each set, while minimizing the weaknesses. The resulting temporal networks predicted the importance of PKA regulation during renal tubulogenesis, which was confirmed as part of a network-derived pathway screen. Further directed microarray experimentation yielded molecules related to Wnt signaling which was confirmed to be misregulated in the presence of PKA agonists, resulting in a failure of tubule morphogenesis or HA, which accelerates tubule development. This strategy provides a model for analyzing development and regulation of complex processes in mammalian organs where different in vitro/ex vivo models, biochemical, genetic, and functional assays as well as in vivo and in vitro/ex vivo microarray data sets are leveraged to study a particular question. Finally, taken together the data indicate a complex PKA-dependent, Wnt-regulated network involved in the formation of nascent tubular structures from MM-derived epithelial cells.
Materials and methods

MM culture
Metanephric mesenchymes were dissected from kidneys of e13 rat embryos, and the MM and UB were separated as described previously (Stuart et al., 2003) . Five mesenchymes per culture were set up adjacent to a section of spinal cord from the same embryos on transwell filters (Costar, Corning, NY, USA). Growth media consisting of 400 μl of DME/F-12 medium containing 0.5% antibiotics and 10% fetal calf serum were added to each well. Cultures were incubated at 37°C with 100% humidity and 5% CO 2 for up to seven days. LIFinduced cultures (1 set of experiments 5 mm/condition) were prepared and cultured as described previously (Barasch et al., 1999) . Signaling pathway modulators used were: Calphostin C (5 μM); MEK inhibitor II (100 μM); db-cAMP, (200 μM); Y-27632, (5 μM); SB203580 (50 μM); Cyclosporin A (5 μg/ml); Staurosporine (50 nM); KT5823 (2 μM); AKT IV (5 μM); JNK II (10 μM); LY294002 (5 μM); Forskolin (10 μM), PKAi 14-22 (10 μM) from Calbiochem (EMD, San Diego, CA, USA), St-Ht3 (50 μM, Promega, Madison, WI, USA) and cAMP analogs for PKA-1 (8-HA-cAMP and 8-Pip-cAMP), PKA-2 (Sp-5,6-DCl-cBIMPS and 6MBC-cAMP), and Epac (8-CPT-2″-O-Me-cAMP) at 100 μM each (Axxora, San Diego, CA, USA). IWP-2 was used at 10 μM (Sigma, Saint Louis, MO, USA). The use of animals in this study conformed to the procedures approved by the Animal Subjects Program of the University of California, San Diego.
Immunofluorescence
Cultures were fixed overnight in 4% paraformaldehyde, quenched using 0.1 M glycine and 0.05% tween-20 in PBS, and blocked in PBS with 0.05% triton X-100 solution containing 2% BSA before the addition of primary antibodies to ZO-1 whole hybridoma R40.76 supernatant (courtesy of Dan Goodenough), E-cadherin 1:1000 (Invitrogen), or Pax2 1:1000 (Zymed). PNA stained samples were incubated in neuraminidase buffer (150 mM NaCl, 50 mM Na acetate, pH 5.5 in TBST) before addition of the lectin with secondary antibodies (Alexafluor 488 and 595, Invitrogen). After washing in TBS containing 0.05% Triton X-100, samples were mounted on slides and analyzed by confocal microscopy on a Nikon D-Eclipse C1 or Olympus FV1000 microscope. Volumetric analysis was performed using Volocity (Perkin Elmer).
Western blotting and detergent extraction
Cultures were solubilized in LDS sample buffer (Invitrogen, Carlsbad, CA, USA) with DTT and a protease inhibitor cocktail (Sigma, St. Louis, MO, USA). Lysates were run on precast gels (Invitrogen, Carlsbad, CA, USA) and transferred to nitrocellulose membranes. Membranes were blocked with blotto (2% milk, 1% Triton X-100, 0.05 M Tris HCl, 0.01 M EDTA) before addition of primary antibodies. Extraction was performed as described before (Tsukamoto and Nigam, 1997) . Cultures were submerged in buffer csk-1(0.5% Triton X-100, 100 mm NaCl, 10 mm Tris-HCl, pH 7.4, 300 mm sucrose) and rocked at 4°C for 30 min, followed by centrifugation at 15,000 × for 15 min. The supernatant was TCA precipitated, and both fractions were suspended in LPS sample buffer (Invitrogen).
Microarray analysis
For new data, cultures were frozen in RNAlater (Qiagen, Valencia, CA, USA) prior to RNA preparation. Total RNA was isolated with the RNAqueous-Micro RNA isolation kit (Ambion, Austin, TX, USA). Microarray processing was performed on Rat Genome 230.2 gene chips (Affymetrix, Santa Clara, CA, USA). The CEL image files were RMA normalized using Genespring GX (Agilent). Significance testing was performed using Genespring GX and EDGE (University of Washington, Seattle, WA, USA) (Leek et al., 2006) . Spinal Cord and LIF induced MM time series data sets were analyzed using Genespring GX ANOVA was performed to identify differentially expressed genes using a FDR of 0.05. The two data sets were also analyzed in EDGE using the "between class" analysis pipeline and a Q-value of 0.1. The EDGE and Genespring GX generated lists of significant genes for each data set were combined into a single list of significant genes, and the union of genes from SC and LIF models were defined using Genespring GX. Gene lists were combined by using Entrez gene ID as the identifier. Gene ontology filtering was done in Genespring GX. The pathways tested in the initial screen were identified using this method. In vivo "signature gene" lists were taken from a previous report (Brunskill et al., 2008 Fig. 3) , where gene list A represents genes specific to the MM, B to the CM, C to the RV, D to the SS and RC, and E to the PT. Transcription factor binding site analysis was performed using the ToppFun function of the ToppGene online software suite (toppgene.cchmc.org). The hand drawn network ( Fig. 9 ) was made from current microarray data and from previously published studies on the Wnt4, FGF8, and Lim1 null mutants (Perantoni et al., 2005; Potter et al., 2007; Valerius and McMahon, 2008) and noting the commonalities in the changes in gene expression. The directions of the changes in expression were reported as described in the original publications.
Electron microscopy
Samples were immersed in modified Karnovsky's fixative (1.5% glutaraldehyde, 3% paraformaldehyde and 5% sucrose in 0.1 M cacodylate buffer, pH 7.4) for at least 8 h, postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h and stained en bloc in 1% uranyl acetate for 1 h. Samples were dehydrated in ethanol, embedded in epoxy resin, sectioned at 60 to 70 nm, and picked up on Formvar and carbon-coated copper grids. Grids were stained with uranyl acetate and lead nitrate, viewed using a JEOL 1200EX II (JEOL, Peabody, MA, USA) transmission electron microscope and photographed using a Gatan digital camera (Gatan, Pleasanton, CA, USA).
Wnt reporter assay
BAT-gal mouse (Maretto et al., 2003) kidneys were isolated from embryos at e11.5. Spinal cord-induced cultures were set up following the same protocol as was used in the wild type rat MM cultures described above.
Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2012.01.014.
